This article reports a family of new radical-cation salts of bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) with tris(oxalato)rhodate: three salts with the formula β"-(BEDT-TTF)4[(cation)Rh(C2O4)3].solvent (solvent = fluorobenzene, chlorobenzene, or bromobenzene) and one with the formula pseudo κ-(BEDT-TTF)4[(H3O)Rh(C2O4)3].benzonitrile. We report here the synthesis, crystal structure, electrical properties and Raman spectroscopy of these new molecular conductors. The bromobenzene salt shows a decrease in resistivity below 2.5K indicative of a superconducting transition and a Shubnikovde Haas oscillation with a frequency of 232 T and effective mass m* of 1.27me.
The synthesis of organic-inorganic hybrid materials offers the opportunity to combine two or more properties within the same crystal lattice. An extensive family of BEDT-TTF radicalcation salts with tris(oxalato)metallate anions has been discovered which combine conductivity with paramagnetism, 1 ferromagnetism 2 or anti-ferromagnetism. 3 Within this family of formula (BEDT-TTF)x[(cation)M(C2O4)3].solvent (x = 3 or 4) the anion layer is composed of a hexagonal network of tris(oxalato)metallate with the counter cation (cation = H3O + , K + , NH4 + , Na + , Li + ). The honeycomb cavities are occupied by a guest molecule of the electrolyte, the size and shape of which influences the arrangement of the BEDT-TTF donor layer via hydrogen bonding interactions. Several series of different polymorphs have been synthesized by changing the metal, counter cation, or electrolyte. The monoclinic series with a β" type BEDT-TTF donor packing motif is the most interesting owing to the variety of observed conducting properties from semiconductors, to metals and superconductors. These salts are synthesized from ammonium or potassium tris(oxalato)metallate(III) to produce β"-(BEDT-TTF)4[(cation)Metal 3+ (C2O4)3].solvent (cation = K + , H3O + , NH4 + ; Metal = Fe, 1, 4 Cr, 4c,5 Ga, 6 9 Cr, 9-11 Al 11 ) has been produced. When using larger guest molecules these sit asymmetrically in the anion layer's hexagonal cavity which leads to them protruding more on one side of the layer than the other side. This produces 4:1 multilayered salts where adjacent donor layers each have a different packing type e.g. α-β" 12 or α-κ. 13 Changing the counter cation has also produced a variety of different phases such as (BEDT-TTF)4(H2O)LiFe(C2O4)3 9 18 and BEDT-TTF4[Ge(C2O4)3].0.5CH2Cl2. 19 Three cases have been observed where the crown ether used to aid dissolution of the anion is included in the radical-cation salt e.g. 
Results and discussion
We recently reported the synthesis, crystal structure, electrical and magnetic properties of a new 2:1 superconducting phase β"-(BEDT-TTF)2[(H2O)(NH4)2Rh(C2O4)3].18-crown-6. 21 This salt is the first in the large family of tris(oxalato)metallate-BEDT-TTF salts to have a superstructure and also show ambient pressure superconductivity. The superstructure arises from a guest molecule of 18-crown-6 protruding into the tris(oxalate)metallate hexagonal cavity in the anion layer. We have also synthesized a series of new 4:1 salts from the tris(oxalato)rhodate anion ( Table 1) .
Structure of salts I-III
β"-(BEDT-TTF)4[(cation)Rh(C2O4)3].solvent (I-III) crystallise in the monoclinic space group C2/c, with two crystallographically independent BEDT-TTF molecules, half an Rh(C2O4)3 3-anion, half a solvent molecule, and half an H3O + cation for I and II, or half an NH4 + cation for III. The guest solvent molecules are fluorobenzene for I, chlorobenzene for II, or bromobenzene for III. The crystal structure is built up of alternating layers of β"-BEDT-TTF and layers of Rh(C2O4)3 3- (Fig. 1) . The anion layer in I-III (Fig. 2) contains Rh(C2O4)3 3-and H3O + (I and II)/NH4 + (III) which adopt a honeycomb packing arrangement with the solvent molecule occupying the hexagonal cavity. Each anion layer contains only a single enantiomer of Rh(C2O4)3 3-with the adjacent anion layers containing only the opposite enantiomer to give an overall racemic lattice. Table 2 details the dimensions of the hexagonal cavity and the orientation of the solvent molecule. The dimensions of the hexagonal cavity are defined by the distances a and b. is the angle of the benzene ring plane relative to the plane of the hexagonal cavity. Upon increasing the size of the solvent molecule from fluorobenzene (I) to bromobenzene (III) the height (h) of the cavity increases, whilst the width (w) decreases. The size, shape and orientation of the guest solvent molecule in the hexagonal cavity is known to influence the order/disorder of the terminal ethylene groups on neighbouring BEDT-TTF molecules and thus affect the transport properties or destabilise the superconducting transition. The BEDT-TTF molecules in the salt with the solvent molecule bromobenzene have no disordered ethylene groups, whilst disorder is observed in the smaller chlorobenzene (II) and fluorobenzene (I) salts. The asymmetric units of I-III contain two crystallographically independent BEDT-TTF molecules which pack in a β"-packing motif (Fig. 2 ). There are a number of short S…S contacts below the sum of the van der Waals radii (<3.6 Å) which are all side-to side between BEDT-TTF molecules (Table 3) . From the donor C=C and C-S bond lengths 22 (Table 4) the BEDT-TTF molecules have estimated charges of BEDT-TTF 0.5+ as expected for the formula β"-(BEDT-TTF 0.5+) 4[(cation 1+ )Rh(C2O4)3 3-] .solvent. Raman spectroscopy can also estimate the charges of BEDT-TTF molecules by observing the symmetric C=C stretching frequencies which have equal contributions from the stretching vibrations of the central C=C bond and the C=C bond which connects the five-and six-membered rings. 23 Raman spectra for each of the salts I-III contain a strong peak at 1467 cm -1 and a weaker peak at 1497 (I), 1495 (II) or 1496 cm -1 (III) which is close to that expected for 0.5 + and consistent with those peaks observed for other isostructural β" salts in this series.
Structure of salt IV
Pseudo κ-(BEDT-TTF)4[(NH4)Rh(C2O4)3].benzonitrile (IV) crystallises in the orthorhombic space group Pbcn, with two crystallographically independent BEDT-TTF molecules, half an Rh(C2O4)3 3-anion, half a benzonitrile molecule and half of an NH4 + cation. This salt is isostructural to previously reported salts with trisoxalates of Fe, 1,4a,4c-e Cr, 4c,5 Co, 4c Al, 4c Ru, 7 Mn 8 . The crystal structure is built up of alternating layers of BEDT-TTF and layers of Rh(C2O4)3 3- (Fig. 3) . The anion layer in IV (Fig. 4) contains Rh(C2O4)3 3-and H3O + in a honeycomb packing arrangement with a benzonitrile molecule occupying the hexagonal cavity. Each anion layer contains a 50:50 mixture of Δ and Λ enantiomers of Rh(C2O4)3 3-which form rows of each enantiomer. The benzonitrile molecule is disordered over two positions with the -C≡N group directed towards the NH4 + anions (N…N 3.064(13) Å). The Rh…N(NH4 + ) distances show a distortion of the hexagon compared to that observed for the β" salts (I-III) with an increased hexagon width (Table 3) to accommodate the disordered positions of the -C≡N group. The asymmetric unit of IV contains two crystallographically independent BEDT-TTF molecules which pack in a pseudo-κ packing motif with BEDT-TTF dimers each surrounded by six neutral BEDT-TTF monomers (Fig. 4) . There are a number of short S…S contacts below the sum of the van der Waals radii (<3.6 Å) ( Table 3) . From the donor C=C and C-S bond lengths 22 ( Table 4 ) the BEDT-TTF molecules have estimated charges of BEDT-TTF 0 and BEDT-TTF 1+ . The Raman spectrum for salt IV contains peaks at 1411, 1449, 1490 and 1552 cm -1 . This is consistent with the peaks observed for other isostructural pseudo κ salts in this series which are composed of BEDT-TTF 1+ and BEDT-TTF 0 . The use of benzonitrile as electrolyte with tris(oxalato)metallates of Fe, 1,4a,4c-e or Cr, 4c,5 gives crystals of both β" and pseudo-κ polymorphs, whereas only the pseudo-κ form has been observed when the metal is Co, 4c Al, 4c Ru 7 , Mn 8 or Rh. Electrical properties SQUID magnetometry was performed on bulk samples of salts I and II down to 1.8K but no superconducting transitions were observed. Electrical resistivity measurements performed on III using the four probe method shows low room temperature resistivity which decreases upon cooling as expected for a metal. A decrease in resistivity is observed below 2.5K indicative of a superconducting transition (Fig. 5 and 6) . A Shubnikov-de Haas oscillation with a frequency of 232 T and effective mass m* of 1.27me is observed. Salt IV is a semiconductor, similar to isostructural salts of the phase pseudo-κ-(BEDT-TTF)4[(A)M(C2O4)3].Guest 4-7 having dimers consisting of two ET 1+ molecules surrounded by six neutral ET molecules. Salt IV has an activation energy of 245 meV (Fig. 7) . This Ea value is higher than those previously reported for isostructural pseudo-κ salts in the tris(oxalato)metallate series (140-225 meV). [4] [5] [6] [7] [8] Please do not adjust margins Please do not adjust margins trichlorobenzene:2mls ethanol with 10mls fluorobenzene for I, chlorobenzene for II, bromobenzene for III, or benzonitrile for IV. This was placed in a two-compartment H-shaped electrochemical cell containing 10 mg ET in the anode compartment. A large quantity of black block (I-III) or black diamond (IV) crystals were obtained upon applying a current of 1.0 μA across the cell with 1mm diameter platinum electrodes for three weeks in a dark box on a vibration-free bench. BEDT-TTF, 18-crown-6, and all solvents were purchased from Sigma-Aldrich and were used as received. (NH4)3Rh(C2O4)3] .xH2O was prepared by the method of Werner 24 and recrystallized several times from water.
Physical measurements
Temperature dependent electrical resistivity measurements were performed using four contacts on single crystals of III along the outof-plane direction in the range 0.8K-300K. Measurements were performed using two contacts on single crystals of IV in the range 77K-300K.
Magnetic susceptibility measurements were carried out to look for superconducting transitions by zero-field cooling samples to 1.8K and applying a small magnetic field. † X-Ray single crystal diffraction measurements were performed using a Rigaku Oxford Diffraction Xcalibur System equipped with a Sapphire detector at room temperature using the Crysalis software. 25 Structures were solved by direct methods and refined by full-matrix least squares techniques based on F 2 using CRYSTALS. 26 Molecular illustrations were prepared with Mercury. 27 Raman spectra were recorded at room temperature with a Renishaw InVia Raman microscope equipped with a 514nm laser at 0.1% laser power and a 1800 l mm -1 grating. The recorded spectra are the result of 30 seconds exposure from 1200 to 1650 cm -1 .
Conclusions
The tris(oxalato)rhodate anion has produced four new molecular conductors with the donor molecule BEDT-TTF to continue to expand Peter Day's large family of conducting and superconducting salts of BEDT-TTF with M(C2O4)3. Using a halobenzene as the solvent for crystal growth produces salts with the formula β"-(BEDT-TTF)4[(cation)Rh(C2O4)3].solvent whilst using benzonitrile produces a salt with the formula pseudo κ-(BEDT-TTF)4[(NH4)Rh(C2O4)3].benzonitrile. The bromobenzene salt has a superconducting Tc of ~2.5K and a Shubnikov-de Haas oscillation with a frequency of 232 T and effective mass m* of 1.27me. Along with our recently reported multi-layered superconductor β"-(BEDT-TTF)2[(H2O)(NH4)2Rh(C2O4)3].18-crown-6, these salts represent the first examples in the Day series to contain the anion tris(oxalato)rhodate.
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